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We experimentally investigated thermal modifications of porous dust aggregates composed of micrometer-
sized grains by furnace, electrical discharge, and laser radiation heating. In the furnace, porous SiO2 aggregates of
95% porosity at first underwent surface diffusion sintering, which led to progressively increasing necking between
adjacent particles. Subsequently, viscous flow dissolved the particulate structure of the still porous sample, and
finally melting occurred. Exposing aggregates of various grain types to electrical discharges dispersed most of
the sample and left it thermally unprocessed. Nevertheless, some material was thermally processed to sintered
aggregates and a tiny fraction to solidified melt spherules with diameters of less than 180 µm and most with
interior bubbles. In comparison, radiative laser heating turned out to be a much more efficient process to produce
melt spherules of chondrule size, and voids were rarer than in discharge heating. Besides providing material
data for further applications, our work also allows a direct conclusion to be drawn on chondrule formation.
Low energetic efficiency and aggregate destruction exclude chondrule formation from loosely-bound aggregates
inside hypothetical nebular lightning channels. However, radiative heating of whatever origin, including possible
lightning, remains a candidate process of chondrule formation.
Key words: Preplanetary dust aggregates, thermal transformations, sintering, chondrule formation, method:
laboratory.
1. Introduction
We assume that loosely-bound aggregates of micrometer-
sized cosmic grains underwent heating events in the early
solar system. This assumption is supported by several as-
pects of today’s understanding of the early solar system. At
first, an important fraction of the dust condensed from the
gas phase, a process which required an initially hot solar
nebula. In this environment, a dust aggregation started; such
processes of aggregation have been investigated in detail in
order to describe terrestrial planet formation (e.g., Weiden-
schilling and Cuzzi, 1993). Moreover, meteoritic chondrule
formation indicates that there were heating events in the
same period and in the same material reservoir that trans-
formed dust aggregates to melt spherules. Today, frictional
heating by shocks in the solar nebula is favored among the
numerous hypotheses on chondrule formation (Boss, 1996;
Ciesla, 2005). With respect to the following, we add that
the hypothesis that heating happened by lightning-like gas
discharges is still under serious discussion. Finally, a gen-
eral hint for heating events of cosmic dust in the early solar
system are FU Orionis outbursts (e.g., Bell et al., 2000),
which are an increase of luminosity for years or decades
which solar-type stars undergo in their period of formation.
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Consequently, thermal transformations of dust grain ag-
gregates are of interest, and we therefore exposed cosmic
dust analogous to furnace (Poppe, 2003), electrical dis-
charge (Gu¨ttler et al., 2008), and radiative heating (Spring-
born et al. in preparation). Here, we give a comparative
overview over the manifold outcomes and also discuss as-
pects of chondrule formation as chondrules must be re-
garded as an important sink of cosmic dust in the early solar
system.
2. Heating in a Furnace
By a new sample preparation technique described in
Poppe (2003), we produced the most porous layers of
micrometer-sized particles known to us (95% porosity).
This was done to acount for the fractal or porous properties
of early solar system dust aggregates. The particle layers
were made from monodisperse SiO2 spheres of 1.5-µm di-
ameter on ceramic substrates (Fig. 1, left). Typically, the
particles were arranged in chain-like structures, i.e. most
particles had two adjacent particles on roughly opposite
sides. The samples were heated under atmospheric pres-
sure and with a variation of heating temperature and heat-
ing time. Subsequently, they were analyzed by scanning
electron microscopy (SEM).
The thermal transformation started with neck formation
between adjacent particles (Fig. 1, center). The SEM im-
ages were analyzed by measurements of particle and neck
diameter, which showed that the necks had grown and the
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Fig. 1. A thermally unprocessed sample on the left, a sample heated at 1471 K for 1 h showing necking between particles (center), and a further
processed sample which was transformed by viscous flow and which has lost its particulate structure (right).
Fig. 2. Temperature-dependent transformations of 1 h-heated samples of SiO2 spheres of 1.5 µm diameter, measurements of neck diameter as a function
of heating temperature, and the fitting function for surface diffusion sintering.
particle diameter determined perpendicular to particle chain
direction had become smaller. A surface diffusion sintering
model by Nichols and Mullins (1965) was successfully fit-
ted to the neck diameters as a function of heating temper-
ature and heating time. The influence of temperature is by
far stronger than the one of time. It was shown (details in
Poppe, 2003) that the functional dependence is in agree-
ment with the assumption of surface diffusion sintering,
and also the reduced particle radii perpendicular to chain
direction indicated the surface as a source of the material
transported. Surface diffusion sintering does not change the
distance between particle centers, and thus no macroscopic
shrinkage should have occurred at this stage of transforma-
tion. Figure 2 shows the fit to the heating temperature. With
this, constants describing material properties of the SiO2
could be presented in Poppe (2003). Further heating beyond
the range of surface diffusion sintering made the particulate
structure disappear while the sample still remained porous
(Fig. 1, right). This type of transformation could only be ex-
plained by viscous flow. Finally, the sample melted, and the
melt smoothly covered the ceramic substrate. Figure 2 also
summarizes the transformation as a function of temperature
for 1-h heated samples. The results allow morphological
changes to be predicted according to heating temperature
and time for silica. For the more abundant silicates, they
are an example for transformations which could occur when
heated, but as a consequence of other material constants
at other temperature ranges. Such morphological changes
are important for the light-scattering properties, mechani-
cal strength, and collisional and aerodynamical properties
of early solar system dust aggregates.
3. Heating in an Electrical Gas Discharge
The hypothesis of chondrule formation by lightning mo-
tivated Wdowiak (1983) to pioneer experimental work on
this, and he exposed ground material of the Allende mete-
orite to a 5-kJ electrical gas discharge. Most of the sam-
ple dispersed, and some melt spherules were formed, which
solidified as spherules with up to 200 µm diameter. The
spherules contained bubbles which led Wdowiak (1983)
to the conclusion that chondrules did not form by nebu-
lar lightning because chondrules were regarded as void-
less. The argument of voids against the lightning hypoth-
esis meanwhile appeared weaker than in the past because
voids could be caused by low viscosity as a consequence
of lower degree of melting than in reality (Maharaj and
Hewins, 1993), and voids in chondrules may be rare but
are known to exist (Tsuchiyama et al., 2003). Besides this,
a progress compared to Wdowiak (1983) seemed possible
by performing a series of experiments with varying experi-
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Fig. 3. SEM images of some outcomes of the gas discharge experiments: Aggregate of fayalite grains (left), tiny melt spherule of iron (center), hollow
melt spherule of iron (right).
Fig. 4. SEM images of sectioned melt spherules produced by radiative heating. Left: Spherule produced from fayalite grains by 8 s heating, cooled in
free fall. Right: Spherule produced from mantle rock, heated for 25 s, cooled on the ceramic sample holder, which offers a possible explanation for
unisotrope texture. Bright areas are pyroxene, darker ones forsterite, the very dark parts are voids.
mental parameters.
We therefore exposed aggregates of various grain types
(SiO2, olivine, peridotite (earth mantle rock, Witt and Seck,
1987), iron, nickel) to electrical discharges of up to 500 J.
The samples were placed between electrodes in a cham-
ber with air pressures between 10 and 105 Pa. In all ex-
perimental runs, most of the sample was dispersed and re-
mained thermally unprocessed. Nevertheless, some mate-
rial was thermally processed to sintered aggregates, and
a tiny fraction to solidified melt spherules with diameters
less than 180 µm and most of them with interior bubbles.
Some spherules produced from iron particles were even
completely hollow bubbles. Figure 3 shows examples of
the manifold phenomenology of experimental outcomes.
The solidified melt spherules were rare, small, and
porous. While the porosity, as mentioned above, may be
a weak argument against formation in nebular lightnings
and one could be tempted to attribute the small size to dif-
ferent length scales in experimental and real situations, an
analysis of energetic efficiency shows what “rarity” means
in this context. The ratio of energy consumed for melting
spherules devided by the discharge energy, yielded values
between 0.006% and 0.06%, depending on the material.
Even considering the ultimate source of energy the proto-
planetary disk had, which is its potential energy, it is by
orders of magnitude too small to explain chondrule forma-
tion by nebular lightning. Furthermore, the destruction of
aggregates in the gas discharge is a strong argument against
chondrule formation inside hypothetical nebular lightning
channels. Loosely-bound aggregates would not have sur-
vived the even more violent conditions in possible nebu-
lar lightning than in the experiments. These are strong and
independent arguments against chondrule formation inside
nebular lightning channels. However, one must be careful
not to misunderstand these arguments. Not only they do
not exclude the possibility of nebular lightnings and what-
ever effect they may have had to dust aggregates, but also
they do not exclude that nebular lightning melted chondrule
precursors by some mechanism (e.g. radiation or hot gas)
outside the discharge channel.
The destruction of loosely-bound aggregates in the elec-
trical gas discharge stresses that, in general, a quiescent en-
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vironment is important for the transformation of dust ag-
gregates to chondrule-like spherules. This reminds us that
there is a corresponding challenge to the currently favored
hypothesis of chondrule fomation due to frictional heat-
ing with gas after passing a shock front. Recently, Sirono
(2006) treated this problem.
4. Radiative Heating by IR Laser
Powder samples mainly of peridotite (mantle rock) and
partially of olivines, including fayalite, obsidian, and albite,
were exposed to a 30-W infrared laser beam. Irradiation
took from 1 to 30 s, and surrounding air pressures were
between 10−7 Pa and ambient atmospheric pressure. The
samples were lying on a heat-resistant ceramic holder which
could be turned to release the sample into free fall for cool-
ing. In contrast to the gas discharge experiments, we found
an efficient transformation. This means that with all types
of samples an average of at least 20% of the sample mass
was molten. Concerning the most often used peridotite, on
average 70% of mass was molten, and most of it solidified
as spherules of chondrule size (a few 100 µm). This indi-
cates that the energetic efficiency is by order(s) of magni-
tude better than that found in electrical discharge heating.
Only a minor part of the sample was not processed, formed
sintered aggregates, or exploded without obvious thermal
processing. Furthermore, the spherules had less bubbles,
about 10% void on average, than those produced in the gas
discharges. Figure 4 shows two sectioned spherules pro-
duced from micrometer-sized powder samples. In Fig. 4
(right), a small void can be seen. The texture indicates mass
discrimination of material which was produced from a mix-
ture (mantle rock) in contrast to the spherule left (fayalite).
5. Summary
We exposed loosely-bound aggregates of micrometer-
sized dust, which represented properties of early solar sys-
tem dust, to heating by furnace, electrical discharge, and
infrared radiation. This led to manifold outcomes. The
comparatively exact setting of heating temperature and time
in the furnace allowed the thermal transformation to be re-
solved as a sequence of neck formation between adjacent
particles due to surface diffusion sintering, restructuring,
and dissolution of particulate structure by viscous flow, and
finally, melting. For several possible applications, the re-
sults can be applied to predict morphological changes of
dust aggregates according to their heating temperature and
time. In contrast to the other experiments, the heating in
electrical discharges turned out to be energetically ineffi-
cient and violent, dispersing most of the material unpro-
cessed. Only a very few tiny and porous melt spherules or
some aggregates with sinter features were found. In con-
trast, radiative heating was experimentally shown to effi-
ciently convert dust samples of loosely-bound grains into
chondrule-sized melt spherules with far fewer or no voids
than those found in discharge heating experiments. Con-
cerning chondrule formation, low energetic efficiency and
violent conditions in electrical gas discharges showed that
chondrules did not form inside hypothetical lightning chan-
nels in the solar nebula, while radiative heating of what-
ever origin, including lightning, remains a candidate mech-
anism for chondrule formation. In general, the experiments
stress that a quiescent environment is necessary to trans-
form loosely-bound aggregates into chondrules.
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